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\' . - - -Duplicate . 

METHOD AND APPARATUS FOR CONTROLLING TRANSITION BETWEEN 
OPERATING MODES IN A MULTIMODE ENGINE 

BACKGROUND OF THE INVENTION 
!. FieKToY the invention " 

This invention relates generally to multimode engines capable of operating in 
multiple fueling modes, and, more particularly, relates to a method and apparatus for 
5 transitioning between fueling modes in such an engine so as to reduce engine speed 
fluctuations and/or other undesired responses to such transitions. 

2. Discussion of the Related Art 

So-called "multimode" engines are capable of operating in multiple fueling modes 
10 in that they are powered by different fuels or combinations of fuels depending, e.g., on 
the prevailing engine speed and load conditions. For example, a dual fuel engine can 
typically operate in two modes, namely, a "diesel mode" and a "pilot ignited gaseous fuel 
mode." In the diesel mode, the engine is fueled solely by a liquid fuel, typically diesel 
fuel. In the pilot ignited gaseous fuel mode, the engine is fueled primarily by a gaseous 
1 5 fuel, such as natural gas or propane, which is ignited by a relatively small quantity or 
"pilot" charge of a liquid fuel, typically diesel fuel or engine lube oil. . 

Depending upon the particular engine utilized, there are typically at least two 
transition points within the operating range of a dual fuel engine. Specifically, the typical 
engine is operated in pilot ignited gaseous fuel mode except at the condition that the 
20 ' excess air ratio (lambda) does not permit, such as, (1) very light load under all engine 
speeds and, (2) at high load, low speed conditions. The transition historically was 
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triggered and controlled based solely as a function of speed and/or load without 
attempting to achieve a smooth transition. This relatively uncontrolled transition could 
lead to undesired speed fluctuations. For example, in a prior art dual fuel system, as the 
vehicle is driving up a hill while operating in pilot ignited gaseous fuel mode, the 
5 vehicle's engine speed may lug down sufficiently to trigger a changeover to diesel mode. 
An uncontrolled rapid switchover to diesel may cause a power surge and a resultant 
increase in vehicle speed back above the pilot ignited gaseous fuel transition speed for the 
prevailing load, whereupon the engine switches back to pilot ignited gaseous fuel mode 
and experiences a power drop. As a result, the vehicle speed may again drop below the 
1 0 transition speed with a resultant switchover to diesel mode. Hence, the engine may 

switch frequently and repeatedly between operating modes, resulting in noticeable speed 
surges and droops. 

Some prior systems have recognized the problem identified above and have 
attempted to address it by taking the total energy content of the fuel(s) into account 
1 5 during the transition in an attempt avoid power surges and droops. For instance, U.S. 
Patent No. 6,1 01,986 to Brown (the Brown patent) controls the delivery of diesel and 
gaseous fuel to the engine during transition between the pilot ignited gaseous fuel mode 
and the diesel mode to maintain the energy content of combined fuel charge at the desired 
value of the diesel fuel charge supplied at the end of the transition period. As a result, the 
20 quantity of diesel fuel progressively increases during the transition period, while the 

quantity of gaseous fuel progressively decreases. The process is repeated in a cycle-by- 
cycle basis until the actual diesel fuel quantity equals the desired quantity for diesel only 
operation, at which point the transition is considered complete. 
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U.S. Published Patent Application Serial No. 2002/07816 to Zur Loye similarly 
discloses a method for controlling a homogenous charge dual fuel engine to switch 
between diesel only mode and pilot ignited gaseous fuel mode while keeping the total 
fuel energy content constant 

A problem associated with prior techniques for controlling the transition between 
operating modes in a multimode engine is that simply maintaining the total fuel energy 
content constant during the transition period fails to take differences in combustion 
efficiency into account while air charge parameters remain unchanged. That is, (1) diesel 
fuel has a lower heating value and a lower stoichiometric air fuel ratio than gaseous fuel 
per unit fuel mass and, (2) combustion efficiency of pilot ignited gaseous fuel depends on 
excess air ratio of gas (gas lambda) and ignition timing. Simply increasing or decreasing 
gaseous fuel quantity may not achieve the desired effect because gas lambda may be 
outside of an optimal range for the selected gaseous fuel quantity. Existing airflow 
control devices are incapable of adjusting airflow to the cylinders rapidly enough to 
immediately obtain the optimum lambda for the selected quantity of the new fuel. As a 
result, the engine may still exhibit power surges and droops, even if total fuel energy 
content remains constant 

Another result of the typical dual fuel engine's inability to provide smooth 
transition between operating modes is that it must set a transition line between diesel 
mode and pilot ignited gaseous fuel mode at a higher speed than would otherwise be 
required at a given load, reducing the percentage of total operating range in which the 
engine is capable of operating in pilot ignited gaseous fuel mode. 
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The need therefore has arisen to provide a multimode engine that more assuredly 
' provides a smooth transition between operating modes and reduces the frequency of 
switching between those modes when compared to prior multimode engines. Another 
need that has arisen, due at least in part to the inability of prior engines to adequately 
meet the objective for providing a smooth transition between operating modes in a . 
multimode engine, is to adequately maximize the percentage of the engine operating 
range in which the engine operates in pilot ignited gaseous foel mode. 

SUMMARY OF THE INVENTION 
In accordance with a preferred aspect of the invention, at least one engine 
operating parameter other than total fuel energy content is taken into account in order to 
maintain a smooth transition between modes of a multimode engine. The parameter 
preferably comprises at least one of primary fuel excess air ratio (lambda) and ignition 
timing, and preferably is controlled in addition to total fuel energy content control. 
Lambda control is especially beneficial because it permits the control system to 
compensate for the engine's inability to substantially alter the instantaneous air mass in 
the combustion chamber during the transition period. For instance, during a transition 
from diesel pilot ignited gaseous fuel mode to diesel mode, the controlled parameter 
preferably comprises diesel lambda, and the controlling operation comprises setting a 
target or desired diesel lambda at'a relatively high value at the beginning of the transition 
period and thereafter reducing diesel lambda during the transition period. In this case, the 
■controlling operation may comprise determining a gas lambda of the gaseous fuel, 
determining a diesel lambda limit, and adjusting diesel fuel delivery to be at or above the 
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diesel lambda limit. The diesel lambda limit preferably is initially determined based on 
the prevailing gas lambda and then adjusted downwardly on a cycle-by-cycle basis to a 
final value that is at or near the diesei smoke limit. The magnitude of adjustment in each 
cycle is preferably speed and/or time dependent. . . . . 

During a transition from the diesel mode to* pilot ignited gaseous fuel mode, the 
controlling operation preferably comprises determining a gas lambda of the gaseous fuel, 
determining a gas lambda rich limit for prevailing engine operating conditions, 
comparing the determined gas lambda to the gas lambda rich limit, and making the 
transition from the diesel mode to pilot ignited gaseous fuel mode only if the determined 
gas lambda is at or above the determined gas lambda rich limit. 

Other aspects and advantages of the invention will become apparent to those 
skilled in the art from the following detailed description and the accompanying drawings. 
It should be understood, however, that the detailed description and specific examples, 
while indicating preferred embodiments of the present invention, axe given by way of 
illustration and not of limitation. Many changes and modifications could be made within 
the scope of the present invention without departing from the spirit thereof, and the 
invention includes all such modifications. 

BRIEF DESCRIPTION OF THE DRAWINGS 
A preferred exemplary embodiment of the invention is illustrated in the 
accompanying drawings in which like reference numerals represent like parts throughout, 
and in which: 
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FIG. 1 schematically represents adual fuel engine constructed and controlled in 
accordance with a preferred embodiment of the present invention; 

FIG. 2 is a map showing the transition between diesei only and gas modes in the 
engine of FIG. 1; and 

5 FIGS. 3 and 4 are flowcharts illustrating a preferred computer implemented technique 

for transitioning between operating modes in the engine of FIG. 1 . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The mode switching concepts and transition controls described herein are 
0 applicable to a variety of multimode engines in which it is desirable to maintain engine 
torque and/or speed substantially constant when transitioning between operating modes. 
Hence, while a preferred embodiment of the invention will now be described in 
conjunction with a turbocharged, low pressure EGR, dual fuel engine, it is usable with 
tri-mode and other multimode engines as well. 
5 Referring to FIG. I, a dual fuel engine 20 to which the invention is applicable 

includes a number of cylinders 22 (only one of which is shown), an intake system 24 
supplying an air/EGR combustion mixture to the cylinders 22, an exhaust system 26, a 
fueling system 28, an EGR system 30, and other components (not shown) commonly 
found on a compression ignition engine such as intake and exhaust valves. The intake 
system 24 comprises an air intake manifold 32 having a split outlet connected to the 
various cylinders 22 and an inlet connected to an air filter 34 by an intake passage 36. 
The exhaust system 26 comprises an exhaust manifold 38 having a split inlet coupled to 
the various cylinders and an outlet coupled to an exhaust passage 40 having an oxidation 
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catalyst 42 thereon for catalytically reducing the exhaust gas before exhausting them to 
the atmosphere. The illustrated engine 20 is a turbocharged engine having a compressor 
44 located in air intake passage 36 upstream of the intake manifold 32 and a turbine 46 
located in the exhaust passage 40 downstream of the exhaust manifold 38. A controllable 
5 turbo air bypass (TAB) valve 50 is also provided in the air intake system 24 for further 
treating and/or controlling the flow of compressed air to the airflow intake manifold 32. 
The TAB valve 50 is located in a TAB line 51 bypassing the compressor 44. 

The EGR system 30 of this embodiment is configured to recirculate a portion of 
the exhaust gases through an EGR line 58 having an inlet in fluid communication with an 
D outlet of the turbine 46 and an outlet in fluid communication with the intake passage 36 
upstream of the compressor 44. The EGR system 30 includes, from upstream to 
downstream end, a diesel particulate trap 52, an EGR cooler 54, an EGR valve 56, and an 
EGR filter 57, all located in the EGR line 58. The outlet of the EGR line 58 discharges 
into the EGR inlet of a venturi 60 that is disposed in the intake passage 36 upstream of 
the compressor inlet. The venturi 60 also has a fresh air inlet that receives ambient air 
from the air filter 34 and a mixture outlet that discharges the air/EGR mixture to the 
compressor inlet. 

The fueling system 28 includes an electronically controllable gaseous fuel source 
62 and a separately electronically controllable diesel fuel source 64. The gaseous fuel 
source 62 may be configured to supply gaseous fuel to each cylinder 22 of the engine 20 
either in the form of a premixed charge or via high pressure direct injection (HPDI). If it 
is configured to supply a prernixed charge, the gaseous' fuel source 62 may comprise a 
tank that stores compressed natural gas (CNG) or liquefied natural gas (LNG), one or 
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more shut off valves, and either a single metering valve discharging into a single throttle 
body at the entrance of the engine's air intake manifold 32 or a separate injector provided 
for each cylinder's supply passage or each cylinder's intake port. If it is configured for 
HPDI, the gaseous fuel supply source 62 will be configured to inject natural gas directly 
into each cylinder 22 using one or more dedicated high pressure injectors. 

The diesel fuel source 64 may supply any liquid fuel capable of auto ignition in 
the traditional "diesel" cycle. It may comprise either a "single point 5 ' system that injects 
fuel from a single injector into the engine's air intake manifold 32 or a "multi point'" 
system that injects fuel directly into each cylinder 22 or into each cylinder's air intake 
passage. In either case, the diesel injector(s) each comprise an electronically controlled 
injector supplied with diesel fuel or the like from a conventional tank and a supply line. 
Fuel is typically directed to the injector(s) from the tank via a filter, a pump, a high 
pressure relief valve, and a pressure regulator, none of which are shown. 

A controller 66 is also provided for controlling operation of the fuel sources 62 
and 64, the TAB valve 50, the EGR valve 56, and possibly other components of the 
epgine. The controller 66 receives signals indicative of O2 concentration in the intake 
mixture, intake mixture temperature or air charge temperature (ACT), intake mixture 
pressure or manifold absolute pressure (MAP), speed, load, and possibly additional data. 
MAP is monitored by a sensor located in or near the intake manifold. The MAP sensor 
may be part of a block or module 68 that also measures ACT at the same location. 0 2 
concentration indicative data may be supplied by an 0 2 concentration sensor 70 located in 
the intake passage 36 at the compressor inlet. Crank angle, speed, load, and any other 
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data desired for combustion control is supplied via known sensors, collectively denoted 
72 in FIG. 1. 

The controller 66 can control the TAB valve 50, the EGR valve 56, and/or the 
fuel sources 62 and 64 based on the monitored and calculated parameters so as to 
5 optimize performance characteristics such as NO x reduction, HC reduction, and 
condensation prevention. The control preferably is implemented on a cylinder-by- 
cylinder, cycle-by-cycle basis. 

Controller 66 also ascertains actual lambda, preferably on a cylinder-by-cylinder 
and cycle-by-cycle basis. Lambda may be ascertained mathematically from a calibrated 
1 0 fuel flow together with a determination of air flow using a speed density calculation using 
input from one or more of the sensors 68, 70, and 72 and/or may be measured somewhat 
more directly using a lambda sensor (not shown) in the exhaust stream. 

The dual fuel engine 20 of this embodiment is also configured to switch between 
operating modes automatically with changes in speed and load conditions. 
1 5 The engine 20 is preferably configured so as to operate in the pilot ignited 

gaseous fuel mode during as much of its speed/load range as practical. It is therefore 
desirable to have two speed-dependent transition points for a given vehicle load (at least 
at low speeds), with the engine being operated in pilot ignited gaseous fuel mode except 
under 1) low speed and high load conditions, and 2) light load and all speed conditions. 
20 Diesel operation is desired under low speed/high load conditions, as may be present when 
the engine speed lugs down when a loaded vehicle climbs a bill, because the engine's 
turbocharger'may no longer be capable supplying sufficient turbo boost air at the reduced 
speed to produce an optimal pilot ignited premixed natural gas combustion at the 
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lambda 1 .3) upon transitioning to diesel only mode. However, as described in more 
detail in the Background section above, the heightened power and decrease in 
commanded fuel at the relatively low diesel lambda could result in a premature or 
undated switching.back to pilot ignited gaseous fuel mode. In order to overcome or 
5 avoid these problems, diesel lambda preferably is taken into account during this transition 
period by controlling fuel delivery to set the diesel lambda at a relatively high value at the 
beginning of the transition period and thereafter reduce diesel lambda incrementally 
during the transition period until it reaches a level that is at or slightly above the diesel 
smoke limit. The initial diesel lambda value at the beginning of the transition period and 
1 0 rate of diesel lambda decrease preferably are set and maintained by maintaining the 

actual diesel lambda to be at or above a diesel lambda limit, Wto *. The A dUse , lhnih in 
turn, is in it at dependent at least in part upon the existing gas lambda, and is 
thereafter reduced during the remaining of the transition period. A preferred technique 
for determining ***** at the beginning of the transition period and for controlling 
1 5 engine operation based on A tilesel . Um , will be now be described. 

Initially, during transition from pilot ignited gaseous fuel mode, the mass of 
diesel pilot fuel required to maintain a constant total fuel energy content can be 
determined on an equivalent total energy basis as follows: 



20 HVR = LHV *™i - LHV.. 



diesel 



where 

basis, ^ ^ rati ° ° f dieSd ^ t0 dUaI ^ ° n e 1 uivale nt total fuel energy 

25 LHVdiesei = the lower heating value for diesel fuel, 

LHV gas = the lower heating value for gaseous fuel, and 
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x = the pilot diesel mass fraction. 
Under these conditions: 

5 2^=^x2^ . (2) 

- - - where: - - - - ■ 

Q DF is the total mass of diesel and gaseous fuel, and 
Qdtesel-equ is the mass of diesel fuel equivalent. 
1 0 When standard diesel fuel is used in diesel mode and natural gas is used as the 

gaseous fuel in pilot ignited gaseous fuel mode: 



LHV dieseJ = 18272 Btu/Ib, 
LHV gas = 20440 Btu/lb, 
15 Pilot % = 0.10, 

LHVdf = 0. 1 x 1 8272 +0.9 x 20440 - 20223 Btu/lb, and 
HVR = 0.9035, then: 

Qdlesel-gas= 0.9035 X Q DF (3) 

!0 

Adiesei-iimitcan now be determined as a function of the using the following 
equations: 



5 . 
Hence: 

Mass air =x{Q DF XSAFR d( ^)+ m (5) 

3 where: 

Mass air is the mass of the air charge, 

SAFRdiesei is the stoichiometric air-fuel ratio of diesel fuel, and 
SAFRgas is the stoichiometric air-fuel ratio of gaseous fuel. 
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At the instant of transition from dual fuel to diesel operating modes, the air mass 
remains constant. 4«nw can therefore be determined as below, based on equivalent air 
mass and total fuel energy. 

5 

(Qa^XSAFK^) QD F {HVR){SAFR di ^,) (6) 

Using the parameters described above, Equation (6) reduces to: 

10' X -fgj^Kj^j 

HVR (SAFRj,^ ) (7) 

When SAFR dlesel =Stoichiometric air fuel ratio of diesel = 14.5, 

SAFR gas = Stoichiometric air fuel ratio of natural gas = 1 6 0 
#F7? = 0.9035, and 
15 x = 0.1. 

. 0.1xl4.5 + I6xA 

= ~T9^IT5^- = 011 + L22 ^) (8) 

20 A preferred technique for controlling engine operation based on the ^ lese ,. JimU 

prevailing at the beginning of the transition period is illustrated in FIG. 3. The technique 
is implemented via a routine programmed into the controller 66. The routine 1 00 
proceeds from Start in Block 102 to Block 104, where it determines ^ either directly 
from a sensor or indirectly from other measured values as described above. It sets the 
25 W** for the prevailing ^preferably using Equation (8) above. It then proceeds to 
Block 106 and sets Q^^for the prevailing total fuel quantity (Q DF ) using Equation (2) 
above. Then, in Block 108, the routine 100 calculates the actual W, either directfy or 
indirectly from the known Q^, and Q ai> . The routine 1 00 then proceeds to Block 1 1 0 
and determines whether W/ is less than \ If not, the routine 100 proceeds to . 
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operation to stay in diesel mode only when Tgas-actwi exceeds a lambda gas 'kgas-ricMimu- 
Specifically: 

When transitioning from diesei to dual fuel mode. 

^gas-equ can be derived from Equation (7) and calculated by: 

s — sah^ — ; c^x**- - x) SAFRzas , w 

When the current A^esd is 2.0 in diesel mode, Agas-equ will be 1.556 in pilot ignited gaseous 
fuel mode at transition. 



Hence: 

-fg- (io) 



The preferred technique for this control is illustrated in FIG. 4, which illustrates a 
routine 130 that once again is implemented via a program in the controller 66. The 
routine 130 proceeds from Start in Block 132 to Block 134 where the prevailing Xdiesei is 
determined and the A^^is then determined, preferable using Equation (9) above. 
Then, in Block 136, QoF-equ is set based on the current Q&eseb preferably using Equation 
(10) above. Xgas-actuai is then calculated in Block 138, preferably using Equation (4) 
above. Then, in Block 140. the routine 130 determines whether \as-actuai is less than a 
Xgas-rich-iimih which is the lowest gas lambda that is acceptable for achieving the desired 
operating characteristic. For instance, X gas isusually maintained at a value of- 
approximately 1.8. However, at low engine speeds, the turbocharger may not be capable 
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of providing a X^of 1.8. If ^drops below an engine dependent minimum value, X gas . 
rich-limit, the engine may knock. ^ gasr!c ,,. UmU will typically be about 1.5 and is determined 
empirically based on the prevailing manifold absolute pressure, (MAP), air charge 
- - temperature (ACT), and other parameters, if desired. Switching over to diesel mode 
5 when Xgas-actuai drops below ^.rich-iimu will prevent engine from knocking. 

If the answer to the mquiry of Block 140 is NO, the routine 130 delivers natural 
gas and pilot fuel in the amount required to obtain the desired total energy fuel content ir 
Block 142, at which point the transition period is considered complete and the routine 
130 ends in Block 144. However, if the answer to the inquiry of Block 140 is YES, 
1 0 indicating, e.g., that engine knock is imminent, the engine 20 stays in diesel mode, and 
the controller 66 controls the diesel fuel source 64 in Block 146 to deliver the diesel fuel 
quantity Q^, required to obtain the desired total fuel energy content. The routine 130 
then returns to Block 132, and Blocks 134, 136, 138, 140, and 146 are repeated on a 
cycle-by-cycle basis for the duration of the transition period. 
1 5 Other engine characteristics could also be controlled during the transition period. 

For instance, diesel pilot injection timing may be controlled in addition to lambda 
control. Most engine control system employs two separate diesel injection timing maps, 
one for diesel mode and the other for pilot ignited gaseous fuel mode. During the 
transition period, the diesel injection timing often will shift as a new map is selected. 
0 These shifts may be dramatic, leading to a noticeable and rapid change in engine . 
performance. The transition can be smoothed by adjusting diesel injection timing 
incrementally over a number of operating cycles rather than all at once. The size of each 
increment "I" may vary with designer preference and a particular engine's sensitivity to 
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changes in ignition timing under the prevailing operating conditions. Pilot diesel 
injection timing may also be adjusted during the transition from diesel mode to pilot 
ignited gaseous fuel mode for maintaining constant engine torque. The adjustment of 
pilot diesel injection timing from the nominal injection timing map is preferably 
5 determined empirically based on the actual gas lambda. 

To the extent that they might not be apparent from the above, the scope of 
variations falling within the scope of the present invention will become apparent from the 
appended claims. 
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CLAIMS 



1 - A method comprising: 

(A) operating an internal combustion engine in a first mode comprising one of 
a diesel mode and a pilot ignited gaseous fuel mode; then • 

(B) operating said internal combustion engine in a second mode comprising 
5 the other of said diesel mode and said pilot ignited gaseous fuel mode; and 

(C) during a transition period between said first and second modes, controlling 
engine operation based on at least one engine operating parameter other than total energy 
fuel content to achieve an at least substantially smooth transition between operating 
modes. 

3 

2. The method as recited in claim 1, wherein the at least substantially smooth 
transition is achieved by maintaining total engine torque at least substantially constant 
during the transition period. 

3 . The method as recited as claim 1 or claim 2, wherein the controlled engine - 
operating parameter includes at least one of lambda and diesel fuel injection timing. 

4. The method as recited in any one of claims 1 to 3 5 wherein the transition is from 
pilot ignited gaseous fuel mode to diesel mode, the controlled engine operating parameter 
comprises diesel lambda, and the controlling step comprises controlling diesel lambda to 
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1.0 

1 1 . The method as recited in claim 1 0, further comprising determining the gas 
lambda-rich limit based at ieast in part on at least one of manifold absolute pressure and 
air charge temperature. 

12. The method as recited in any one of claims 1 to 1 1, wherein the controlled engine 
operating parameter is ignition timing. 

13. The method as recited in claim 12, wherein the controlling step comprises 
selecting a desired ignition timing for the second mode, the desired ignition 

timing for the second mode being different than the existing ignition timing for the first 
mode, and 

5 adjusting ignition timing incrementally over a plurality of engine operating cycles 

until the actual ignition timing at least approximately equals the desired ignition timing. 

14. The method as recited in any one of claims 1 to 13, wherein said engine is a dual 
fuel engine capable of operating only in the diesel mode and the pilot ignited gaseous fuel 
mode. 

1 5. The method as recited in any one of claims 1 to 14, further comprising controlling 
fuel supply to maintain total fuel energy content at least substantially constant during the 
transition period. 
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\as - the determined actual gas lambda at the beginning of the transition 

period, 

1 0 S AFR gas = the stoichiometric air-fuel ratio for the gaseous fuel 3 and 

HVR = the prevailing mass ratio of the diesel fuel to the total fuel charge 
on an equivalent total fuel energy basis. 

1 9. The method as recited in claim 1 6, wherein the transition is from diesel mode to 
pilot ignited gaseous fuel mods, a controlled cngm& operating parameter comprises gas 
lambda, and the controlling step comprises: 

deteimining the actual gas lambda of the gaseous fuel at the beginning of the 
5 transition period, 

detennining a gas lambda-rich limit for prevailing engine operating conditions, 
comparing the determined gas lambda to the gas lambda-rich limit, and 
operating the engine in diesel mode if the determined gas lambda is less than the 
determined gas lambda-rich limit. 



10 



20. An internal combustion engine comprising: 

(A) at least one cylinder; 

(B) a source of diesel fuel configured to supply a liquid fuel to said cylinder; 

(C) a source of a gaseous fuel configured to supply a gaseous fuel to said 
cylinder; and 

(D) a controller that is coupled to said diesel fuel source and said gaseous fuel 
source and that controls said sources to selectively 
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(1) supply fuel to said engine in a first mode comprising one of a 
diesel mode and a pilot ignited gaseous fuel mode, then 

(2) supply fuel to said engine in a second mode comprising the other 
of said diesel mode and said pilot ignited gaseous fuel mode, and 

(3) during a transition period between said first and second modes, 
control engine operation based on at least one engine operating parameter other 
than total energy fuel content to achieve an at least substantially smooth transition 

^d+">»dn y^^jjv.. <-> —! 

21. The engine as recited as claim 20, wherein the controlled engine operating 
parameter includes at least one of lambda and liquid fuel injection timing. 

22. The engine as recited in claim 21, wherein, during a transition from pilot ignited 
gaseous fuel mode to diesel mode, the controlled engine operating parameter comprises 
diesel lambda, and the controller is operable to set diesel lambda at a relatively high value 
at the beginning of the transition period and thereafter reduce diesel lambda during the 

5 transition period. 

23. The engine as recited in claim 22, wherein, during the transition from pilot ignited 
gaseous fuel mode to diesel mode, the controller is operable to 

determine the actual gas lambda of the gaseous fuel at the beginning of the 
transition period, 
5 determine a diesel lambda limit, and 
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Xgas = the determined gas lambda at the beginning of the transition period, 
SAFRg^ = the stoichiometric air-fuel ratio for the gaseous fuel, and 
KVR = the prevailing mass ratio of the liquid fuel to the total fuel charge 
on an equivalent total fuel energy basis. 

28. The engine as recited in claim 2 1 , wherein, during a transition from diesel mode 
to pilot ignited gaseous fuel mode, the controller is operable to 

determine the actual gas lambda of the gaseous fuel at the beginning of the 
transition period, 

determine a gas lambda-rich limit for prevailing engine operating conditions, 
compare the determined actual gas lambda to the gas lambda limit, and 

operate the engine in diesel mode if the determined gas lambda is less than the " 

determined gas lambda-rich limit. 



29. The engine as recited in claim 28, wherein the controller is operable to determine 
the gas lambda-rich limit based at least in part on at least one of manifold absolute 
pressure and air charge temperature. 

30. The engine as recited in claim 21, wherein, during the transition period, the 
controller is operable to 

select a desired ignition timing for the second mode, the desired ignition timing 
for the second mode being different than the existing ignition timing for the first mode, 
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. ABSTRACT 

At least one engine operating parameter other than total fuel energy content is 
taken into account when transitioning between operating modes in a dual fuel or other 
. multimode engine in orderto maintain a smooth transition between modes. The 
5 parameter preferably comprises at least one of primary fuel excess air ratio (lambda) and 
ignition timing and preferably is controlled in addition to total fuel energy content 
control. Lambda control is especially beneficial because it permits the control system to 
compensate for the engine's inability to substantially alter the instantaneous air mass in 
the combustion chamber during the transition period. For instance, during a transition 
1 0 from pilot ignited gaseous fuel mode to diesel mode, the controlled parameter preferably 
comprises diesel lambda, and the controlling step comprises setting diesel lambda at a 
relatively high value at the beginning of the transition period and thereafter reducing 
diesel lambda during the transition period. 
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